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MYOCARDIAL INFARCTION 
Predictive Value of Wavelet Correlation Functions of Signal-Averaged 
Electrocardiogram in Patients After Anterior Versus Inferior 
Myocardial Infarction 
LUTZ REINHARDT, MS¢, MARKKU MJiA~JA~RVI, MD, THOMAS FETSCH, MD, 
JUHA MONTONEN, MSc,* GILBERTO SIERRA, PHD, ANTONI MARTINEZ-RUBIO, MD, 
TOIVO KATILA, PHD,* MARTIN BORGGREFE, MD, GONTER BREITHARDT, MD, FESC, FACC 
Mi~nster, Germany and Helsinki, Finland 
Objectives. This study sought o evaluate the prognostic value of 
wavelet correlation functions of the signal-averaged electrocardio- 
gram (ECG) for arrhythmic events in patients after myocardial 
infarction. 
Background. Wavelet transform of the signal-averaged ECG 
has been shown to be a nonstationary analysis technique describ- 
ing the time evolution of frequency spectra throughout he QRS 
complex. To quantify the wavelet transform, we introduced the 
new concept of the wavelet correlation function. 
Methods. The relation among wavelet correlation functions, 
ventricular late potentials and the site of infarction was investi- 
gated in 769 men <66 years old who survived the acute phase of 
myocardial infarction (351 [46%] anterior, 418 [54%] inferior 
infarctions). Signal-averaged ECG recordings were obtained 2 to 
3 weeks after infarction. During 6 months of follow.up, 33 patients 
(4.3%) experienced a malignant arrhythmic event. Wavelet corre- 
lation functions of the signal-averaged ECG were evaluated in a 
time-frequency plane ranging from 25 ms before QRS onset to 
25 ms after QRS offset in the frequency range between 40 and 
100 Hz. 
Results. Patients with an anterior infarction had lower mean 
wavelet correlation coefficients (p < 0.001) and a lower incidence 
of ventricular late potentials than patients with an inferior 
infarction (32.3% vs. 42.7%, p = 0.003). The combination of 
wavelet correlation functions and late potentials increased the 
total predictive accuracy from 52% to 72% for inferior and from 
64% to 76% for anterior infarctions. 
Conclusions. Spectral changes in the signal-averaged QRS 
complex are more prominent in anterior than inferior infarctions. 
Combination of late potential analysis and wavelet correlation 
functions increases the prognostic value for serious arrhythmic 
events after myocardial infarction. 
(J Am Coil Cardiol 1996;27:53-9) 
Analysis of the signal-averaged electrocardiogram (ECG) from 
the body surface has been demonstrated to be useful for 
noninvasive risk stratification after myocardial infarction. Most 
of the studies in this field investigated the occurrence of 
ventricular late potentials in the terminal part of the QRS 
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complex (1,2). It has been reported (3) that the probability of 
detecting late potentials on the body surface is higher in 
inferior than anterior infarctions. This finding has been attrib- 
uted to the fact that regional activation in the anterior wall 
region takes place earlier than in the inferior wall region. 
Thereby, regional slow fractionated activity may be hidden 
within the QRS complex in anterior myocardial infarction (4). 
In the past, different approaches based on Fourier analysis 
of the signal-averaged ECG emerged (5-7). The underlying 
concept of these methods is the detection of spectral abnor- 
malities inside or at the end of the QRS complex as a result of 
inhomogeneities in the propagation of the cardiac electric 
wavefront. However, the Fourier approach as two major 
methodologic difficulties: 1) the assumption ofstationarity of
the signal, and 2) the low frequency resolution of the analyzing 
window (8). Recently, the concept of wavelet ransform has 
been successfully applied to various nonstationary physiologic 
signals, particularly in the field of speech sound analysis (9) 
and evoked potentials (10-12). In addition, wavelet transform 
of the signal-averaged ECG has been reported (13) to increase 
the time-frequency resolution compared with analysis meth- 
ods based on the short-time Fourier transform. However, with 
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the small number of subjects included in that study (13), no 
statistical conclusions could be drawn for different patient 
groups. 
In the present study, a new analysis technique, the wavelet 
correlation function, is suggested, which combines wavelet 
transform with a modified analysis of spectral turbulences. The 
wavelet correlation function numerically describes the spectral 
changes of the time-frequency representation f a signal. The 
relation among wavelet correlation functions, ventricular late 
potentials and the site of infarction were investigated in 769 
postinfarction patients of whom 351 presented with an anterior 
and 418 with an inferior infarction. The combination of 
wavelet correlation functions and ventricular late potentials 
was assessed to predict arrhythmic events after myocardial 
infarction. 
Methods 
The Postinfarction Late Potential (PILP) study represents a 
noninterventional study in 778 patients after acute myocardial 
infarction with the aim of assessing the prognostic value of 
ventricular late potentials detected by the signal-averaged 
ECG (14). The study was performed between December 1982 
and March 1986. The PILP study was designed as a multicenter 
study that included patients from 17 hospitals. However, data 
collection, recordings and documentation aswell as follow-up 
were performed by the study personnel of the central data 
collection and analysis laboratory, initially situated at the 
Department of Cardiology of the University Hospital of Diis- 
seldorf. 
Patients. Inclusion criteria. Male patients <66 years old 
admitted to the participating hospitals because of suspected 
myocardial infarction who had survived the acute period were 
further evaluated for inclusion in the study. The diagnosis of 
myocardial infarction was based on the presence of the follow- 
ing criteria: 1) typical chest pain; 2) typical changes in labora- 
tory tests (creatine kinase; lactic dehydrogenase [LDH]; serum 
glutamic oxaloacetic transaminase) with an increase greater 
than twice normal; and 3) characteristic ECG findings. 
Exclusion criteria. Exclusion criteria were the following: 
patient not willing to participate; previous bypass surgery; 
valvular heart disease; Wolfe-Parkinson-White syndrome; im- 
planted pacemaker; preexisting left bundle branch block; renal 
insuificieney requiring permanent dialysis; malignant hyperten- 
sion; any malignancy detected uring the last 5 years; hepatic 
cirrhosis with esophageal varicosis or ascites; and death during 
the acute phase of myocardial infarction before averaging. 
Critical events. The primary objective of the study was to 
detect he occurrence of any type of death (sudden cardiac 
death, nonsudden cardiac death, noncardiac death), the occur- 
rence of symptomatic hemodynamically compromising sus- 
tained ventricular tachycardia lasting ->30 s or ventricular 
fibrillation requiring emergency intervention outside the hos- 
pital or leading to emergency admission to the hospital. 
In case of any hospital admission or death, the independent 
Critical Event Committee of the study gave one of the follow- 
ing final diagnoses: noncardiac event; arrhythmic event (doc- 
umented sustained ventricular tachycardia or ventricular fibril- 
lation, aborted sudden death or sudden cardiac death); 
reinfarction; pulmonary edema; progressive heart failure; 
other cardiac causes. 
All events that were not considered "primary end events" 
were considered censored events. Any arrhythmic event was 
considered a valid event if it represented the first event and if 
there was no intermediate r infarction. 
Follow-up. All patients included in the study were followed 
up for 6 months. They were contacted by telephone after 3 
months, and they all made a second visit to the participating 
hospital after 6 months. During the second to fourth week 
(mean 19 days, median 18, range 7 to 49) after the onset of 
myocardial infarction, when the patients were still in the 
hospital, signal-averaged lectrocardiography as well as 24-h 
long-term electrocardiography were performed on the same 
day or on two successive days. Drug therapy and referral for 
revascularization procedures during the postinfarction period 
were at the discretion of the patient's physician. 
Signal averaging. The signal-averaged ECG was recorded 
as described by Simson (1) using his original hardware and 
software. In brief, three bipolar modified Frank leads were 
recorded. The X electrodes were at the right and left midax- 
illary lines in the fourth intercostal space. The Y electrodes 
were placed at the superior aspect of the manubrium and the 
proximal left leg. The anterior Z electrode was at the V 2 
position, and the other was at the identical position on the 
posterior chest. Positive electrodes were left, inferior and 
anterior. The signal was amplified with a gain of 1,000, 
bandwidth was 0.05 to 300 Hz, and the sampling rate was 
1,000 Hz. The amplified signal was passed through a four-pole 
250-Hz low pass filter and digitized with 12-bit accuracy 
(Analog Devices AD572). Approximately 150 cardiac cycles 
were averaged, accepting only beats with deviation less than 
twice the template standard deviation and stored on disk 
(Hewlett-Packard, model 9826) (15). 
Time-domain analysis. Time-domain analysis of the signal- 
averaged ECGs was performed using a bidirectional four-pole 
Butterworth filter at 40 to 250 Hz. All calculations were done 
from the vector magnitude complex using recent commercial 
software (Del Mar Avionics, Version 25179). The root-mean- 
square noise level was 0.9 _+ 1.0/zV for the vector lead. The 
criteria for abnormality were the following: filtered QRS 
duration ->114 ms, root-mean-square voltage of the last 40 ms 
-<20/zV and the duration of the signal <40 ~V ---38 ms. Late 
potentials were defined to be present if at least two of three 
criteria were met (15). 
Wavelet ransform. Wavelet ransform is a procedure de- 
scribing the energy of a measured signal simultaneously in the 
time and frequency domains (13). Compared with the conven- 
tional spectrogram approach based on fast Fourier transform 
analysis, wavelet transform yields a better time-frequency 
resolution; that is, the time location of frequency bands inside 
the QRS complex is enhanced. Wavelet ransform was per- 
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Figure 1. Example of wavelet transform for a signal-averaged electro- 
cardiogram from a patient with an inferior myocardial infarction and 
no arrhythmic event during follow-up. The wavelet transform was 
calculated from 25 ms before QRS onset (0 ms) to 25 ms after QRS 
offset (130 ms). The frequency range was 40 to 100 Hz. The amplitude 
axis represents the power spectral density in relative units. 
formed as described by Meste et al. (13). A summary of the 
method is given in the Appendix. 
In the present study, wavelet ransform was applied to the 
unfiltered signal-averaged vector magnitude and evaluated 
from 25 ms before QRS onset o 25 ms after QRS offset in time 
intervals of 1 ms. The frequency range for the wavelet rans- 
form was 40 to 100 Hz, calculated in intervals of 2 Hz 
according to Meste et al. (13) (Fig. 1). Frequencies <40 Hz 
were not taken into account because the time resolution of the 
wavelet ransform decreases at lower frequencies (16). The 
resulting wavelet representation f the signal-averaged QRS 
complex can be viewed as a time-varying frequency distribution 
of the signal. 
Wavelet correlation functions. To quantify the resulting 
wavelet ransform-based time-frequency distribution, a new 
concept of wavelet correlation functions was introduced, mea- 
suring the spectral changes throughout the whole QRS com- 
plex. The mean correlation coelficient r between frequency 
spectra separated by a time interval of At = 1 ms from each 
other is calculated. This initial time lag is subsequently pro- 
longed in steps of 1 ms until the final interval of 50 ms is 
reached. The result is a mean correlation coefficient r varying 
as a function of delay time At. This function is referred to as 
the mean wavelet correlation function because of its structural 
similarity to the autocorrelation function. 
The wavelet correlation function approach can be viewed as 
a generalization f the method of spectral turbulence analysis 
(5), which calculates the mean correlation coefficient of a fast 
Fourier transform spectrogram of the QRS complex at a single 
time interval of 2 ms. 
Computing procedures. The algorithm used in the present 
study was developed on a six-processor Silicon Graphics Onyx 
Workstation and combined three different subroutines: 1) 
conversion of the signal-averaged ata file into the input 
structure of the Wavelet Transform subroutine; 2) calculation 
of the wavelet transform of the signal-averaged QRS complex. 
Onset and offset of QRS are based on the results of time 
domain analysis; 3) computation of the wavelet correlation 
function. The signal-averaged raw data files of all patients were 
processed successively using a specially designed batch mode. 
Statistical analysis, Univariate analysis of all variables was 
performed by means of the Mann-Whitney U-test and chi- 
square analysis when appropriate. The level of significance 
(alpha error) was chosen as 0.05. I~gistic regression analysis 
was used to extract independent covariates associated with the 
site of infarction. 
Sensitivity was defined as the proportion of patients who, in 
the presence of an event, had an abnormal test result; 
specificity was defined as the proportion of patients who did not 
have an event and had a negative test result. The positive 
predictive value was defined as the proportion of patients with 
an abnormal event among all patients with an abnormal test 
result; the negative predictive value was defined as the propor- 
tion of patients without an event among all patients with a 
normal test result. Predictive accuracy was defined as the 
proportion of patients with either a true positive or true 
negative test result. For all statistical evaluations, the Statisti- 
cal Package for the Social Sciences (SPSS for Windows, 
Release 6.0) was used (17). 
Resu l ts  
Study patients. The study patients had a mean (+SD) age 
of 53 +_ 7 years (range 22 to 65). One hundred eight patients 
(13.9%) had a previous myocardial infarction. In 351 pa- 
tients (45.1%), the site of infarction was anterior, and 418 
patients (53.7%) had an inferior infarction. In nine patients 
(1.2%), the site of infarction was unclear, and they were 
excluded from the analysis. Thrombolytic therapy was applied 
in 227 patients (29.2%) during the acute stage of the qualifying 
myocardial infarction. 
Arrhythmic events. A total of 33 arrhythmic events oc- 
curred during the 6-month follow-up period. Sustained mono- 
morphic ventricular tachycardia was documented in 13 cases 
(1.7%), ventricular fibrillation in 8 (1.0%) and sudden cardiac 
death in 12 (1.5%). The majority of arrhythmic events (n = 22 
[66.7%]) occurred in the first 3 months after infarction. There 
were 32 deaths (31 cardiac related, 1 noncardiac related). 
Clinical characteristics of patients with an anterior infarc- 
tion versus inferior infarction. The clinical profile of patients 
with an anterior or inferior infarction is summarized in Table 
1. Patients with an anterior infarction had a higher peak level 
of LDH, received thrombolytic therapy more often and had 
higher Sylvester ECG scores (18). Mean age, percent of 
previous infarctions, application of beta-blocker and antiar- 
rhythmic drugs, number of ventricular premature beats and the 
incidence of nonsustained ventricular tachycardia showed no 
significant differences between patient groups. Additionally, 
the percent of patients with QRS durations -> 120 ms measured 
from the limb leads of the standard ECG was not significantly 
different in patients with an anterior than with an inferior 
infarction (3.7% vs. 2.7%). The incidence of ventricular late 
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Table 1. Clinical Characteristics of Patients With an Anterior 
Versus Inferior Infarction 
Table 2. Comparison Between Wavelet Correlation Coefficient and 
Significantly Different Clinical Variables in Table 1 
Anterior Inferior Wavelet 
Infarction Infarction Transform 
Clinical History (n = 351) (n = 418) p Value Coefficient 
Age (yr) 52.8 _+ 7.5 53.1 + 7.2 NS 
Previous MI (%) 14.0 13.8 NS 
Peak LDH (U/liter) 742 _+ 470 630 _+ 338 <0.001 
Thrombolysis (%) 34.0 26.2 0.019 
Beta-blocker (%)* 28.8 24.0 NS 
Antiarrhythmic agent (%)* 16.9 16.8 NS 
VPB/24 h 
Mean 193 414 NS 
Range 0-3,422 0-16,136 NS 
NSVT (%) 9.7 7.3 NS 
ECG score >10 (%)t 33.4 21.4 <0.001 
Positive LPs (%)~ 32.3 42.7 0.003 
QRS duration >120 ms (%)~ 3.7 2.7 NS 
*At hospital discharge. 1See text for definition. :]:Measured from limb leads 
of the standard electrocardiogram (ECG). Data presented are mean value = SD 
or percent of patients, unless otherwise indicated. LDH = lactose dehydroge- 
nase; LPs - late potentials; M1 - myocardial infarction; NSVT = nonsustained 
ventricular taehycardia (>3 consecutive ntricular beats lasting <30 s); VPB - 
ventricular premature beat. 
potentials in patients with an anterior versus inferior infarction 
was 32.3% and 42.7% (p = 0.003), respectively. 
Wavelet transform. The wavelet correlation functions for 
all patients had a similar shape. This basic form of the wavelet 
correlation function was modulated by the site of infarction. 
The wavelet correlation coefficients for different sites of infarc- 
tion are depicted in Figure 2. The mean values of the corre- 
lation coefficients and their 95% confidence intervals are 
shown as a function of the time lag At. For small values of the 
delay time, both functions naturally converge. All correlation 
coefficients for anterior infarctions are significantly lower than 
those for inferior infarctions (p < 0.001 for At = 50 ms). With 
Figure 2. Wavelet correlation functions of patients with an inferior 
versus anterior myocardial infarction (MI). The wavelet correlation 
coefficients decrease as the time lag between different frequency 
spectra increases. Mean values (solid lines) and 95% confidence 
intervals (dashed lines) are shown. 
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Clinical Variable p Value 
Thrombolysis 
Yes(n 224) No (n = 537) 
rS0 0.894 -+ 0.083 0,902 + 0.080 0.20 (NS) 
ECG Score >10' 
Yes(n - 224) No (n 537) 
r50 0.898 _+ 0.079 0.900 _+ 0.0082 0.67 (NS) 
Positive LPs* 
Yes (n =276) No (n = 485) 
r50 0.898 + 0.077 0.900 _+ 0.0083 0.65 (NS) 
Peak LDH (U/liter) 
Pearson Correlation coefficient, -0.12 
r50 0.001 
*See text for explanation. Abbreviations as in Table 1. 
increasing delay time the differences between the correlation 
coefficients and their 95% confidence intervals for both groups 
are more pronounced. 
These results suggest hat spectral changes inside the QRS 
complex occur to a significantly higher degree in anterior than 
inferior infarctions. 
Comparison of wavelet correlation coefficients with clinical 
variables. The wavelet correlation coefficient at the maximal 
delay time r (At = 50 ms) = rs0 was compared with those clinical 
variables that differed significantly in anterior compared with 
inferior infarctions. The results are shown in Table 2. 
Differences in the wavelet correlation coefficient rs0 in 
patients with and without thrombolytic therapy, ECG score 
>10 and late potentials were not significant. A low but 
significant correlation was present between rso and the peak 
level of LDH (r = -0.12, p = 0.001). 
These results suggest hat the observed ifferences in the 
wavelet correlation coefficients between anterior and inferior 
infarctions are independent of the values of the other clinical 
variables measured. 
Logistic regression model to predict site of myocardial 
infarction. A logistic regression model was applied to evaluate 
the strength of the dependency between wavelet correlation 
coefficients and clinical variables ignificant in univariate anal- 
ysis and the site of infarction as a "dependent" variable. On the 
basis of this analysis, the wavelet correlation coefficient rs0 was 
most strongly related to the site of infarction (p = 0.0001), 
followed by the incidence of late potentials (p = 0.005) and the 
peak level of LDH (p = 0.016). An ECG score >10 and use of 
thrombolytic therapy were not significant factors in the logistic 
regression model. 
Combination of wavelet correlation coefficients and late 
potentials for prediction of arrhythmic events. Because wave- 
let correlation coefficients and ventricular late potentials are 
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Figure 3. Receiver operating characteristic 
curve analysis of the wavelet correlation 
coefficient rso in patients with an anterior 
(top) versus inferior infarction (bottom). 
Sensitivity, specificity and total predictive 
accuracy are plotted versus r~o. The cutoff 
values of 0.93 (top) and 0.94 (bottom) were 
chosen to be at the maximal sum of sensi- 
tivity and specificity. 
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independent variables of the signal-averaged ECG, both were 
combined for the prediction of arrhythmic events in anterior 
and inferior infarctions. In a first step, a cutoff value for the 
wavelet correlation coetficient rso was calculated for patients 
with late potentials using receiver operating curve characteris- 
tic curve functions. The cutoffs at the maximal sum of sensi- 
tivity and specificity were found to be 0.93 and 0.94 in patients 
with an anterior and inferior infarction, respectively (Fig. 3). A 
patient was classified as being at high risk if both the presence 
of a late potential and an rso value below the proposed cutoff 
were present. In contrast, a patient was classified to be at low 
risk if at least one of these criteria was negative. 
In Table 3 the statistical performance of this combination of 
variables is compared with the presence of late potentials 
alone. Specificity (+ 13% for an anterior infarction, +23% for 
an inferior infarction), positive predictive value (+2%, +2%) 
Table 3, Statistical Performance of Combination of Late Potentials and Wavelet Correlation 
Coefficients in Anterior and Inferior Infarction 
Anterior Infarction Inferior Infarction 
Single Factor Combination LP± Single Factor Combination LP+ 
LP+ and rso < 0.93 Difference LP+ and rso < 0.93 Difference 
Sensitivity (%) 76 65 - 11 86 60 -26 
Specificity (%) 63 76 + 13 50 73 +23 
Ppv (%) 10 I2 -2  6 8 +2 
Npv (%) 98 98 0 99 98 - 1 
Tpa (%) 64 76 + 11 52 72 +20 
Relative risk 2.1 2.7 +0.6 1.7 2.2 +0.5 
95% CI 1.5-2.8 1.8-4.1 - -  1.4-2.2 1.4-3.4 - -  
CI = confidence interval; LP+ = positive late potentials; Npv = negative predictive value; Ppv = positive predictive 
value; r5o = wavelet ransform coelficient; Tpa = total predictive accuracy. 
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and total predictive accuracy (+ 1 l%, + 20%) were markedly 
improved in all patients by the combination ofwavelet corre- 
lation coefficients and late potentials. In contrast, sensitivity 
(-11%, -26%) was decreased by this combination. The 
negative predictive value showed only small changes (0%, 
-1%) at a high level of 99% and 98%, respectively. 
The differences in statistical performance between late 
potentials as a single factor and the combination with wavelet 
correlation coefficients were more prominent in inferior than 
in anterior infarctions. 
Discuss ion  
In the present study, the concept of nonstationary time- 
frequency representation based on wavelet ransform of the 
signal-averaged ECG (13) was applied to a large prospective 
postinfarction cohort with respect o infarction site and the 
predictive value for arrhythmic events. Wavelet correlation 
functions were introduced as a new method for measuring the 
amount of spectral correlations throughout the whole QRS 
complex as a function of the time interval between different 
frequency spectra. 
In previous studies of time-frequency analysis based on 
wavelet ransform of the signal-averaged ECG, only a small 
number of subjects were analyzed, including normal subjects 
and postinfarction patients with and without ventrieular tachy- 
cardia (19,20). The aim of these studies was to discriminate 
between the different patient groups. The predictive value of 
the wavelet approach in the noninvasive risk stratification after 
myocardial infarction has not been investigated. 
Our results howed that a characteristic wavelet correlation 
function exists for all patients tudied. Additionally, the slopes 
of the individual wavelet correlation functions vary signifi- 
cantly between anterior and inferior infarctions, indicating that 
spectral changes inside the QRS complex occur to a higher 
degree in anterior than inferior infarctions. These changes are 
not related to intraventricular conduction delays because no 
significant differences were observed in QRS duration between 
patient groups as measured from the limb leads of the standard 
ECG. A relation between the occurrence of late potentials and 
a reduced slope of the wavelet correlation function could not 
be detected. These findings indicate that both variables reflect 
different properties of the signal-averaged QRS complex. 
The combination ofventricular late potentials and wavelet 
correlation functions from the signal-averaged ECG for pre- 
diction of arrhythmic events after myocardial infarction was 
demonstrated to enhance specificity, positive predictive value, 
total predictive accuracy and relative risk ratio compared with 
time-domain late potentials as a single risk factor. Conversely, 
the combination is associated with a loss of sensitivity. These 
findings upport he hypothesis that abnormal electrical activity 
inside the QRS complex, which could not be detected by time- 
domain late potentials, may contribute to the development of
ventricular arrhythmic events after myocardial infarction (5). 
Limitations of the study. The power of the tests to detect 
mean differences inanterior and inferior infarctions was 0.9 on 
the basis of a minimal detectable difference of 25% of the 
standard eviation of the variables tested. Additionally, the 
power of the chi-square tests used was 0.85 at a detectable 
relative difference A of 0.2 with 
Pl P2 
~p(1 p) 
(Pl and P2 are relative frequencies of the test variable for 
anterior and inferior infarctions, respectively, and p = 0.5 
[Pl + P2]). 
Only men -<65 years old with Q wave infarction were 
included in the study. Therefore, the results of the present 
study should be applied with caution to women or patients with 
a non-Q wave infarction. The proportion of patients treated 
with thrombolytic agents was only 30%, which is slightly lower 
than the 37% to 68% reported in other series (21,22). In the 
present study, the determination f left ventricular function 
with angiographic or radionuclide methods was not possible in 
all patients. Only the follow-up results of the first 6 months are 
reported here, but as already known, the occurrence of poten- 
tially lethal arrhythmic events tends to concentrate in the 
period of first few months after myocardial infarction. 
Conclusions. Time-frequency representation f the signal- 
averaged ECG based on wavelet ransform is a new nonsta- 
tionary analysis technique providing information on the time 
evolution of frequency spectra throughout the whole QRS 
complex. Special filtering techniques as in time-domain anal- 
ysis are not required; instead, the wavelet algorithm can be 
applied directly to the unfiltered signal-averaged ECG. Spec- 
tral changes can be quantified using the new concept of wavelet 
correlation function, which provide independent prognostic 
information compared with conventional time-domain analy- 
sis. Combination of wavelet correlation function and time- 
domain analysis enhances the predictive value of the signal- 
averaged ECG for noninvasive screening and risk stratification 
after myocardial infarction. 
Appendix 
Wavelet Transform 
In the present s udy, wavelet transform was performed according to
Meste t al. (13). In their study, acomparison was made among three 
different time-frequency representations: spectrogram nalysis, wave- 
let transform based on Morlet's wavelet (20) and a modified wavelet 
analysis. The modified wavelet analysis was introduced asthe product 
of two transforms to enhance spectrotemporal resolution. I  summary, 
let x(t) be the amplitude ofthe signal-averaged ECG sampled with 1 
kHz and xt(u ) the translated signal x(u - t). The modified wavelet 
transform is then defined as follows: 
with 
0 ......... (t, a) - IO,,,,×(t, a)l ]O,~,.×(t, a)i, 
orbit a,= +u,  
where F is the Fourier operator and a represents a scaling factor 
associated with a certain frequency. The parameters %,~r~ and o 2 were 
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set to 27r rad/s, 1 and 3.33, respectively, to obtain optimal t ime- 
frequency resolution. The wavelet transform can be evaluated at any 
point in the time-frequency space. Meste et al. (13) showed the 
modified wavelet ransform to be superior to both the spectrogram and 
Morlet's wavelet analysis with respect o time-frequency resolution. 
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